Background: Given the central role of the thalamus in motor, sensory, and cognitive development, methods to study emerging thalamocortical connectivity in early infancy are of great interest. Purpose: To determine the feasibility of performing probabilistic tractography-based thalamic parcellation (PTbTP) in typically developing (TD) neonates and to compare the results with a pilot sample of neonates with congenital heart disease (CHD). Study type: Institutional Review Board (IRB)-approved cross-sectional study. Model: We prospectively recruited 20 TD neonates and five CHD neonates (imaged preoperatively). Field Strength/Sequence: MRI was performed at 3.0T including diffusion-weighted imaging (DWI) and 3D magnetization prepared rapid gradient-echo (MPRAGE). Assessment: A radiologist and trained research assistants segmented the thalamus and seven cortical targets for each hemisphere. Using the thalami as seeds and the cortical labels as targets, FSL library tools were used to generate probabilistic tracts. A Hierarchical Dirichlet Process algorithm was then used for clustering analysis. A radiologist qualitatively assessed the results of clustering. Quantitative analyses were also performed. Statistical Tests: We summarized the demographic data and results of clustering with descriptive statistics. Linear regressions covarying for gestational age were used to compare groups. Results: In 17 of 20 TD neonates, we identified five connectivity-determined clusters, which correlate with known thalamic nuclei and subnuclei. In four neonates with CHD we observed a spectrum of abnormalities including fewer and disorganized clusters or small supernumerary clusters (up to seven per thalamus). After covarying for differences in corrected gestational age (cGA), the fractional anisotropy (FA), volume, and normalized thalamic volume were significantly lower in CHD neonates (P < 0.01). Data Conclusions: Using PTbTP clusters, correlating well with the location and connectivity of known thalamic nuclei, were identified in TD neonates. Differences in thalamic clustering outputs were identified in four neonates with CHD, raising concern for disordered thalamic connectivity. PTbTP is feasible in TD and CHD neonates. Preliminary findings suggest the prenatal origins of altered connectivity in CHD. Level of Evidence: 2 Technical Efficacy: Stage 4
thalamocortical connections are established. 3, 4 This accelerated rate of growth and rapidly developing connectivity renders the thalamus vulnerable to injury in the prenatal period. 5, 6 A growing body of evidence supports the vulnerability of the thalamus in this time period, including recent reports of decreased thalamic volume and thalamocortical connectivity in neonates born preterm. 1, 7 In fact, an association between decreased thalamocortical connectivity at termequivalent age in neonates born preterm and cognitive delay at 2 years of age has also been reported. 2 These observations suggest that thalamic connectivity may play a crucial role in early cognitive development and highlights the need for robust techniques to evaluate emerging thalamocortical connectivity. Diffusion-weighted magnetic resonance imaging (DW MRI) and probabilistic tractography can characterize the structural connectivity by estimating the likelihood that two areas of the brain are connected. When target regions of the cortex are segmented, probabilistic tractography (PT) can be used to parcellate the thalamus into connectivity-determined regions or clusters. 8, 9 This approach, when used in adults and myelinated children, has shown good correspondence with functional (f )MRI data and known thalamic nuclei. 8, 10 Congenital heart disease (CHD) is the most common congenital defect, affecting 8 per 1000 live births. 11 Affected children often suffer from long-term neurologic sequelae, with a reported prevalence of motor delay and global developmental delay at 2 years of 42% and 23%, respectively. 12, 13 Recent studies have suggested that, in addition to acute brain injury and injury-related to surgery, preexisting developmental abnormalities may underlie some of the neurologic deficits seen in CHD. [13] [14] [15] It remains unclear if these disabilities arise due to abnormal prenatal gene expression, prenatal deprivation of substrate, prenatal insults, perioperative injuries, or a combination of all factors. A robust technique that allows assessment of thalamic organization and thalamocortical connectivity in the neonatal population could help differentiate poor growth of the thalamus due to prenatal deprivation of substrates with preserved thalamic organization from disorders of thalamic organization and thalamocortical connectivity. The purpose of this pilot study was to test the feasibility of probabilistic tractography-based thalamic parcellation (PTbTP) in healthy newborns and in newborns with CHD, and to begin exploring possible differences in thalamic organization and PTbTP between these two groups.
Materials and Methods

Participants
This prospective study was approved by the Institutional Review Board (IRB) of our hospital and was performed in compliance with the Health Insurance Portability and Accountability Act (HIPAA). We prospectively recruited 20 term typically developing (TD) neonates (10 females; 10 males) from the well baby nursery. The mean gestational age (GA) at the time of birth was 39.3 (standard deviation [SD]: 1.2) weeks and the corrected GA (cGA) at the time of the MRI was 42.7 (SD: 1.8) weeks. The parents of these TD neonates (who served as control) were approached for consent after delivery during the postpartum hospital stay. Assessment of the well-being of the baby and mother was performed as part of routine clinical care. Criteria for inclusion were: unremarkable prenatal care, unremarkable labor and delivery, APGAR scores greater than 8 at 5 and 10 minutes and normal pediatrician examination prior to discharge. Neonates were excluded if there was a history of perinatal complications (sepsis, electrolyte imbalances, seizures).
We prospectively recruited five neonates with CHD (two females; three males). Parents of neonates with CHD were approached for consent in the Cardiac ICU. The mean GA at birth was 38.8 (SD: 1.08) weeks and the mean cGA at MRI was 42.8 (SD: 1.8) weeks. Criteria for inclusion were: diagnosis of CHD confirmed by echocardiogram or cardiac MRI and ability to safely tolerate the brain MRI examination without sedation, prior to surgery. Neonates were excluded if there was evidence of a syndrome or genetic disease. Table 1 summarizes the clinical and demographic data of CHD neonates. All the MRIs were reviewed by a board-certified neuroradiologist (P.E.G.) with 18 years of experience, to ensure that no abnormality was present in the examinations, including findings 
MRI Acquisition
All examinations were performed on 3.0T scanners (Trio and Skyra, Siemens Medical Systems, Erlangen, Germany) using a 32-channel adult head coil. All neonates were imaged during natural sleep. We acquired a 3D volumetric magnetization prepared rapid gradient-echo (MPRAGE) sequence with volumetric navigators (vNav) for motion correction. 16, 17 The time to repetition (TR) / time to echo (TE) were 250/1.74 msec, inversion time (TI) was 1450 msec, and flip angle was 78. We used a parallel acceleration technique (PAT) of 2, a voxel size of 1. umes. The TR/TE were 3700/104 msec; voxel size was 2.0 3 2.0 3 2.0 mm, the FOV 160 mm, and bandwidth 1644 Hz/Px. The diffusion gradients were applied in 40 noncollinear directions for each nonzero b-value. We chose to include b-values higher than 1000 s/ mm 2 in our DW MRI sequence given prior reports of more conspicuous demonstration of myelination in neonates and a multishell approach to gather more information about tissue diffusion characteristics, since it does not assume a Gaussian distribution. 18, 19 Image Processing
For the thalamic regions of interest (ROIs), we performed detailed manual segmentations in the native space of the MPRAGE acquisitions adhering to previously published guidelines for unmyelinated neonates. 20 All segmentations were performed using FreeView, the visualization tool of the FreeSurfer package. 21 The thalami of five TD subjects were segmented by a physician with 5 years of experience in image analysis and processing (C.J.) and the remaining 15 were segmented by research assistants with supervision from this physician (C.J.). The thalami of all CHD subjects were segmented manually by the same investigator (C.J.). The thalamus in each hemisphere was segmented separately and was used as a seed region in our subsequent tractography analyses. We outlined seven cortical target ROIs per hemisphere, which have been used in prior studies on adult and neonate resting-state connectivity. 8 These include: the prefrontal, premotor, primary motor, primary somatosensory, posterior parietal, occipital, and temporal regions (Fig. 1 ). Segmentation was performed adhering to descriptions from adult FreeSurfer brain segmentations and modified to neonatal anatomy. 22 Given the limited spatial resolution of current imaging modalities and the small size of the neonatal brain, precise segmentation of cortical labels is challenging due to volume averaging of adjacent gyri into a single voxel. Therefore, to avoid erroneous fiber tracking that could result from such volume averaging, we defined the cortical targets at the gray-white junction, in the juxtacortical white matter. Manual segmentation of the cortical targets was performed by one of the investigators (C.J.) in five TD neonates and in all CHD neonates (n 5 5). For the remaining 15 TD neonates, an automated segmentation of the cortical targets was performed using a modified multilabel atlas fusion algorithm benefiting from the five manually labeled TD datasets. 23 Registration between the individual subjects was done using deformable registration via attribute matching and mutual-saliency weighting (DRAMMS). 24 The output of the automated segmentations was manually edited by trained research assistants to ensure accuracy. To ensure overall consistency a pediatric neuroradiologist (P.E.G.) reviewed all cortical and thalamic segmentations.
Quality Control (QC) of DWI Data
The most common artifact that we observed in our DW MRI dataset is signal dropout due to motion. Before running any of the belowdescribed diffusion data processing steps, we used a semiautomated KL-divergence-based tool, called SignalDropQCTool 25, 26 in order to detect and discard image volumes with significant signal dropout. In every subject we acquired 81 volumes. The mean number of volumes kept in TD neonates was 73 (SD: 6.4) and the mean number of volumes kept in CHD neonates was 73.8 (SD: 7.7).
Probabilistic Tractography and Clustering
Tools from the FSL library were used to process the diffusion data and for probabilistic tractography analysis. 27 For each neonate we extracted the diffusion gradients and the corresponding b-values from the DICOM files, performed eddy current correction, and modeled the diffusion process. Probabilistic tractography was then performed using the manually segmented thalami as seed regions and the cortical labels as targets. We used default parameters for the probtrackx tool and recorded the seed-to-target counts in text files. No correction for the path distribution using pathway-length was used in these experiments. We processed the thalamus and cortical labels in each hemisphere independently, given that there is known asymmetry in the development of the left and right hemisphere at this age. 28 We used the Hierarchical Dirichlet Process Mixture Model (HDPM) to perform groupwise clustering of contiguous thalamic regions in TD neonates and in CHD neonates. 29 This resulted in identifying corresponding clusters in each neonate without the need for computing spatial correspondence as a preprocessing step, which remains technically challenging in newborns. The HDPM algorithm uses information from the connectivity matrices as well as local spatial information to define the clusters. Since we performed separate analyses for the left and right hemispheres, we adjusted the coloring scheme of homologous clusters across hemispheres to ensure matching display and ease of interpretation. We also adjusted the coloring of clusters in CHD neonates to match the output of the clustering analysis in TD neonates. The HDPM algorithm can operate in two modes: 1) a mixture model (MM) that determines the optimal number of clusters supported by the connectivity matrices, and 2) a model that retrieves a set number of clusters (k) determined by the user. Since there is no published data on PTbTP in healthy newborns or newborns with CHD, we performed a series of experiments to explore the effect that a varying k would have on the output of our clustering analysis. In both groups (TD and CHD neonates), we first performed clustering with the HDPM-MM function to retrieve the optimal number of clusters, and then we compared the results of this analysis with a series of experiments performed using serial increases in k (k 5 3, 4, 5, 6, 7, 8, and 9).
Image Analysis
In TD neonates we analyzed the output of the HDPM-MM (number and location of clusters), and analyzed the corresponding connectivity maps to determine the most probable cortical connections of each cluster. To analyze the cortical connections, we computed the probabilistic tracts post-hoc starting in each cluster (seed points), displayed the probability tractography maps, and examined their relation to the cortical targets. In CHD neonates we analyzed the number and location of clusters that resulted from the HDPM-MM, relative to those obtained in TD neonates. To facilitate comparison between groups, we registered the results of the clustering and the MPRAGE of all neonates into a common space. Comparison of relative location and consistency in the organization of the clusters was performed by visual inspection of the clustering outcomes by one of the investigators (C.J.). We also calculated the laterality index for each of the clusters in TD neonates as described ([left-right]/[left1right]). 30 We compared the cGA of TD and CHD neonates at the time of imaging using a Mann-Whitney test. For each group, we calculated mean thalamic volume, ADC, and fractional anisotropy (FA). In addition, we calculated whole-brain volume (WBV) using the 3D-MPRAGE sequences and estimated normalized thalamic volume (NTV) to WBV. We performed a series of multivariate linear regressions using cGA as a covariate, the clinical status (CHD or TD) as independent variables, and ADC, FA, thalamic volume, and NTV as dependent variables. P < 0.05 was considered significant.
Results
Thalamic Parcellation in Typically Developing Neonates
The HDPM-MM clustering algorithm (optimal number of clusters) identified five clusters in 37 out of 40 thalami (17 out of 20 subjects). In three subjects, the right thalamus showed only four clusters. In the dominant pattern (five clusters), there was a consistent arrangement of the clusters, with a medial and anterior cluster (blue), two ventral and lateral clusters (pink more anteriorly and white more posteriorly), a cluster in the posterolateral thalamus with extension into the medial thalamus (purple), and a cluster in the medial dorsal thalamus (red) (Fig. 2) . In the three thalami containing only four clusters, the smallest cluster (purple) was missing. Table 2 summarizes the relative volume of the individual thalamic clusters in TD neonates. The clustering results using HDPM-MM were similar among TD neonates with a high percent overlap of clusters ( Supplementary Fig. 1 ). As noted in Table  2 , volumes of the blue, pink, and red clusters were symmetric, whereas the white and purple clusters had subtle leftward and stronger rightward asymmetries, respectively. As noted in Table 2 , there was symmetry in the connections of the blue, pink, white, and red clusters whereas the purple clusters had subtle asymmetries in their connections. Supplementary Table  1 shows the outcomes of HDPM-MM clustering, thalamic volumes, and NTV for all TD neonates.
To determine the cortical labels associated with each thalamic cluster identified by HDPM-MM, probabilistic tractography maps obtained using each individual cluster as a seed region were obtained (Fig. 3) . Table 3 summarizes the cortical areas that demonstrate the highest probability of connections to each thalamic cluster and the putative correspondence to known thalamic nuclei inferred from their cortical connections. 31 
Thalamic Parcellation in CHD Neonates
The HDPM-MM algorithm was successful in parcellating the thalami in neonates with CHD. In both thalami, the optimal number of clusters (HDPM-MM) ranged from four to seven (see Table 4 ). In thalami with five clusters, their location and connectivity pattern was similar to that observed in TD neonates. In thalami with only four clusters, the spatial arrangement of the clusters was different from that observed in the control population (Fig. 4) . In subjects with six and seven clusters, the additional clusters were small in volume (range: 0.1-8%) and had limited connectivity patterns often to a single cortical label. Supplementary Table 2 summarizes the relative volume of the thalamic clusters in neonates with CHD. Supplementary Fig. 2 shows the outcomes of HDPM-MM clustering for all CHD neonates and Supplementary Fig. 3 shows the probabilistic tractography heat maps demonstrating the likelihood of cortical connections from each thalamic cluster in a CHD subject.
Effects of an Increasing k
In TD neonates, increasing the value of k resulted in an increase in the number of clusters recovered. The increase was linear at low k values, with k being equal to the number of recovered clusters for all thalami up to k 5 4. At k 5 5, the algorithm was able to recover five clusters in 37/40 thalami. While the number of clusters continued to increase with increasing k, the standard error of the mean also increased above this bending point (Fig. 5) . No asymmetries were noted. Supplementary Figure 4 shows examples of clustering outputs using different k values in a TD neonate. We observed a similar pattern in neonates with CHD, with an increase in the number of clusters recovered with an increasing k, which plateaued at 5-6 clusters as well, particularly on the right side (Fig. 5) . However, unlike TD neonates, for k > 5, CHD neonates showed significantly fewer clusters in the right compared to left thalamus and a slower increase in number of clusters recovered with increasing k.
Independent Variable Analyses
There was a statistically significant (P < 0.001) difference in the mean cGA at MRI between groups, with TD neonates being imaged later than CHD neonates. There was no significant difference between the volume of the right and left thalamus in either population (P > 0.1, for both). A series of Mann-Whitney tests revealed significant differences between groups in WBV, thalamic volume, NTV, thalamic ADC, and thalamic FA (P < 0.01 for all). Table 4 summarizes these data as well as the number of clusters in the thalami of each group using HDPM-MM. The lower thalamic FA, volume, and NTV in CHD neonates remained significant after covarying for the effects of cGA (P < 0.01, P 0.01, and P < 0.01 respectively). A trend toward higher thalamic ADC in CHD neonates did not reach statistical significance after covarying for cGA (P 5 0.17). Figure 6 depicts the age-related changes in FA, thalamic volume, NTV, and ADC.
Discussion
Our results show that probabilistic tractography-based thalamic parcellation (PTbTP) can be successfully performed in TD neonates despite challenges related to motion, lack of myelination, and smaller size of the brain. In fact, PTbTP in TD neonates yields clusters that correspond well to known thalamic anatomy. In addition, we also showed that it is feasible to perform PTbTP in neonates with CHD, a population at increased risk for adverse neurologic outcomes. Previously, PTbTP has only been reported in myelinated brains. 8, 9 Even though the central role of the thalamus in sensory, motor, and cognitive functions is increasingly recognized, little is known about early thalamic development and emerging thalamocortical connectivity in both TD neonates and those at risk for developmental delay. The ability to successfully perform PTbTP in TD and CHD neonates provides the ability to explore emerging thalamic connectivity and its potential role in cognitive development. Our analysis of a population of TD neonates using HDPM-MM consistently revealed five. In the absence of direct histologic comparison, it is hard to determine the precise anatomic correlate of these clusters. However, we can infer putative correspondence to thalamic nuclei and nuclear groups based on location and connectivity. In our connectivity analysis, we observed significant overlap in connectivity between neighboring clusters. For example, the white cluster and the purple cluster share connections to the posterior parietal label, and the red cluster and the blue cluster share connections to the prefrontal label. One possible explanation is that our diffusion sequence may have limited spatial resolution to characterize the small thalamic nuclei in the neonatal brain, which may be a few mm 3 in volume. A second consideration could be that there is interdigitation between cellular populations from adjacent nuclei and between thalamic nuclei and intrathalamic axonal bundles. A similar hypothesis was entertained to explain the indistinct borders observed by Johansen-Berg et al in their adult clustering experiments. 8 A third possibility is exuberant connectivity of the thalamus prior to axonal pruning. 32 Animal studies have shown that some thalamo-cortical axons form transient connections with areas of the cortex that will not persist, and some of these nonspecific connections may account for the overlap in connectivity patterns between adjacent clusters in neonates. 33 We also observed asymmetries in the connectivity pattern in the purple cluster and asymmetries in the white and purple cluster volumes, left and rightward, respectively. While the precise significance of these asymmetries remains unclear, we believe it could represent early functional specialization. Evidence of early asymmetries on structural connectivity in the white matter in late gestation and early infancy have been described in several pathways. 34 In particular, asymmetries in language and sensory motor pathways have been documented in vivo using DWI, which correlate with the strong functional lateralization of these tasks. 35 Dubois et al reported a rightward asymmetry in FA of the white matter of right superior temporal lobe and leftward asymmetry of other temporal white matter pathways, including the arcuate fasciculus and sensorimotor tracts. Since purple clusters are connected to the temporal lobes and white clusters are connected to the primary somatosensory cortex, it is conceivable that the hemispheric differences in parcellation that we observed in these two clusters reflect emerging functional asymmetries in language and somatosensory function of the neonatal brain. 35 The results from our clustering experiments bear striking similarity to previously published studies. Johansen-Berg et al and Broser et al used a similar set of cortical labels to investigate thalamocortical connectivity in adults and myelinated children (ages 8 to 13 years), respectively. 8, 36 While the number of clusters recovered by these authors was slightly different, the topology of the thalamic clusters and their pattern of cortical connectivity targets were very similar. For example, the medial and anterior thalamus contains Lateral posterior nucleus and anterior pulvinar. Mediodorsal nucleus.
Anatomic location and cortical connections of thalamic clusters obtained using HDPM-MM in typically developing newborns. VL 5 ventrolateral. The correspondence with known thalamic nuclei is inferred based on cortical connectivity patterns and location. 31 a cluster that shows strong prefrontal connections; the ventral lateral thalami show several clusters with a stepwise anterior-posterior progression of connections to the premotor, primary motor, and primary somatosensory targets; and the posteromedial and dorsal thalamus contains clusters that are connected to the posterior parietal, occipital, and temporal labels. 8 The pattern of thalamocortical connections we observed also resembles the pattern observed on resting state functional connectivity analysis in healthy neonates described by Toulmin et al. 37 The results of their independent component analysis-driven segmentation shows good correspondence to the topology and connectivity of our clusters for the prefrontal, premotor, motor, primary somatosensory, temporal, and occipital labels. The reason for the differences in the number of clusters reported in other PT studies including the results of Broser et al and Johansen-Berg et al and our own results is possibly related to the fact that these authors used a "winner takes all" approach to clustering, which results in a number of thalamic clusters that is equal to the number of cortical targets. 8, 36 However, the overall connectivity pattern remains consistent. For example, like in our study, Broser et al used labels for the prefrontal label, premotor label, primary motor cortex, and primary somatosensory cortex, which resulted in clusters in the anterior/medial and ventral lateral thalamus, respectively. Also, the clusters related to the occipital and temporal labels are located in the dorsolateral thalamus, analogous to the connections from the red cluster in our experiments. When comparing our results with those from the functional connectivity segmentation of Toulmin et al, the main difference is the identification of a distinct anterior cluster that has strong functional connections to the anterior cingulate cortex, which presumably represents the anterior nuclear group. 37 Our study and those of Broser et al 36 and Johansen-Berg et al 8 did not incorporate this label, and consequently we were unable to isolate this cluster/nuclear group. Differences in the clustering output can also reflect age-related changes. The lower FA in the neonatal white matter and thalamus and the lower thalamic volume (3000 mls in neonates vs. 7500 mls in adults) could affect PTbTP. 38, 39 Axonal and synaptic pruning reshape thalamocortical connectivity in the first years of life and also could conceivably affect connectivity-driven parcellation of the thalamus. 40 It is difficult to compare our results with those reported by other authors who used alternative methods to perform structural connectivity-driven parcellation. However, we believe that reporting the feasibility of this Green bullet points 5 TD neonates; red bullet points 5 CHD neonates. Thalami in CHD neonates had significantly lower FA, volume, and NTV compared to TD even after covarying for cGA (P < 0.01, P £ 0.01, and P < 0.01, respectively). No significant differences in ADC after covarying for cGA and no significant lateral asymmetries were observed. approach in newborns is valuable, since the HDPMM algorithm does not require intersubject registration or spatial correspondence, which remains technically challenging in this population. 29 In addition, HDPM automatically imposes intersubject correspondence to the outcome of the cluster analysis in each hemisphere. 29 The previous work from Jbabdi et al also demonstrated that HDPM-MM accurately estimates the number of clusters supported by the connectivity matrices and spatial information in adult subjects. 29 When we performed serial clustering experiments progressively increasing k, the variability in the number of clusters we recovered increased when K > 5. This observation provides evidence that HDPM-MM is able to prune down the outcome of clustering to that supported by the connectivity matrices, even in neonates. Given the small sample in our cohort, differentiating the seemingly overlapping phenotypes of CHD and younger cGA can be challenging. We documented lower absolute and normalized thalamic volume and lower thalamic FA in CHD neonates, after covarying for gestational age. Limperopoulos et al 13 reported decreased volume of subcortical gray matter in neonates with CHD relative to controls, which correlates well with our findings. We observed a trend toward higher ADC in the thalami of neonates with CHD, which did not reach statistical significance; this is consistent with previous reports with the lack of statistical significance probably related to sample size. 41 We observed lower FA in the thalami of CHD neonates that conflicts with a recent report by Paquette et al; that study did not find differences in FA in the thalami of preterm neonates with CHD imaged at term when compared to non-CHD neonates from the same neonatal intensive care unit. 42 However, the subjects of this study were preterm and are likely to have additional abnormalities related to their prematurity. 1, 43, 44 We believe that decreased thalamic FA reflects abnormal thalamic microstructure that coexists with the altered white matter microstructure previously reported. 41 Despite lower thalamic volume and lower FA in CHD neonates, clustering analysis with HDPM was successful and allowed us to extend the prior work to explore the connectivity and organization of the thalamus in this population. In CHD neonates, five clusters similar to those found in TD neonates were observed in 6/10 thalami but alternate clustering outputs were observed in 4/5 CHD neonates (4/ 10 thalami). In CHD3, the right thalamus had only four clusters, which appear disorganized. The left thalamus of CHD1 and CHD4, and the right thalamus of CHD2, showed small additional clusters that demonstrated singlelabel connections. Although the precise cause of these findings cannot be determined in this pilot study, disorganized connections or a more disperse pattern of thalamocortical connectivity are possible. Birca et al reported decreased lowfrequency electroencephalographic connectivity in association with lower FA measurements in the cerebral white matter of neonates with CHD, which supports the hypothesis that our observations may indeed represent abnormalities in emerging cerebral connectivity. 45 Considering that all CHD neonates in this study were imaged prior to surgery and that there was no acute brain injury at the time of the scan, the observed differences probably developed prenatally. Berman et al reported higher ADC in the thalami of fetuses with CHD imaged during the third trimester relative to controls neonates, which supports that at least in some neonates abnormalities in thalamic microstructure and/or development arise prenatally. 46 Several options have been proposed to contribute to the spectrum of preoperative abnormalities in newborns with CHD, including a combination of prenatal injury, hemodynamic abnormalities, metabolic dysregulation, and abnormal gene expression. CHD often results in hemodynamic abnormalities that compromise delivery of oxyhemoglobin and other metabolic substrates to the brain that can ultimately result in brain injury. 47, 48 Another contributing factor could be abnormal gene expression. Homsy et al 15 reported that neonates with CHD have increased rate of de novo mutations in genes involved in development of the heart, such as RBFOX2, relative to control neonates. The results from Homsy et al also demonstrate that the number of damaging de novo mutations was higher in CHD neonates who also had neurodevelopmental disability. 15 The main limitation of our study is its small sample size. However, we feel that the number of neonates is sufficient to demonstrate the feasibility of PTbTP in term TD neonates. Our results also support that PTbTP can be performed in neonates with CHD. However, attributing the differences in parcellation exclusively to CHD is difficult due to the sample size and the differences in cGA. Another limitation is the absence of direct histologic correlation. Given that our study used TD neonates and that most children with CHD survive, pathologic correlation could not be obtained. Additional studies validating our results with observations from resting state fMRI could provide additional insights to support our observations. Another limitation is the clinical heterogeneity of the CHD neonates; this group included subjects with various diagnoses, which increases the variability in this population. It is conceivable that different congenital heart defects affect brain development and thalamocortical connectivity via various mechanisms, and consequently the abnormalities are not consistent between the five individuals that were recruited. A technical limitation related to this set of labels is that it ignores connections between the thalamus and the limbic system. This approach also fails to incorporate the extensive network of subcortical thalamic connections, such as the thalamostriate and thalamocerebellar connections.
In conclusion, probabilistic tractography-based thalamic parcellation is feasible in TD neonates and in neonates with CHD. We were able to consistently recover clusters that correlate well with known thalamic nuclear groups. Preliminary observations in neonates with CHD show a spectrum of findings that range from normal thalamic organization to thalami with fewer and/or disorganized clusters. Further studies with fMRI data, or serial imaging, are needed to better understand emerging thalamocortical connectivity, and to determine if PTbTP has a role in identifying clinically significant abnormalities in thalamic organization in CHD.
